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Background and Objective: It is crucial to study the uptake of viral droplets in the human respiratory
system to control, prevent, and treat diseases.

Methods: In this study, a well-verified real anatomical model was used; the passage of air in the human
upper respiratory system computed using high-quality Computer Tomography (CT) images. Then, the air-
flow field, along with the coronavirus micro-droplets injection, was examined in this realistic model using
the Fluid-Structure Interaction (FSI) method. The Discrete Phase Model (DPM) was used to solve the field,
and with the help of it, the accurate assessment of the temporal and spatial motion of the deposition in
the virus-impregnated droplets was obtained in vitro in the upper respiratory system.
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Results: The results show that the amount of deposited micro-droplets in the nasal cavity area is mea-
ger at the inhalation only through the oral. However, it has the most residence time in this area. The
most and least droplet absorption occurred in the oral cavity and larynx-trachea, respectively. Deposition
efficiency is about 100% in 30 L/min flow rate and 10 wm diameter; in other words, no droplet enters
the lungs. This study’s other achievements include the relatively inverse relationship between droplets
deposition efficiency in some parts of the upper airway, which have the most deformation in the tract.
Conclusions: Utilization of a realistic model with accurate and precise computational analysis can end
speculation about the deposition zone, accumulation, and the effects of the COVID-19 virus on the upper
respiratory tract. On the other hand, recognizing the virus-containing droplet location can ease under-
standing the areas where the virus can first infect in the upper respiratory tract.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Coronavirus was first identified in 1965, with an average size
of 0.15-0.08 um [1]. With the help of high-sensitivity laser cam-
eras, researchers have found that even in regular conversations, vi-
ral droplets can float in the air for a long time. Moreover, micro-
droplets with diameter smaller than 5 ym can also be easily trans-
mitted through inhalation to other people’s airways in longer paths
[2].

Coronavirus belongs to the large, positive, and single-strand
RNA viruses [3]. This virus is responsible, in some susceptible
individuals, of an acute respiratory syndrome, SARS, which is asso-
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ciated with clinical symptoms in the lower and upper respiratory
tracts. One of the essential transmitting ways for the virus is
through the air, which can be transported on air paths inside the
room. During the respiratory activity, the droplets’ size increases,
and the actual size distribution of these droplets depends on
parameters such as expiratory air velocity, fluid viscosity, and flow
path [4]. Lippmann [5], using a hollow cast experimental method
simulated the regional deposition of an inhaled particle in the
human respiratory system and by considering the particle diam-
eter between 0.2 to 7 microns concluded that aerosol particles’
deposition efficiency with an aerodynamic diameter greater than
2 pum depends on the Stokes number. Nowak et al. [6] using two
geometric models simulated airflow and aerosol deposition in
the human tracheobronchial tree. Based on their findings, they
concluded that the use of geometric models based on CT scan has
more satisfactory results to simulate particle deposition. Therefore,
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they used a CT scans simulation model and found that in airway
intersections and the tubular walls, the deposition mechanism
was more prevalent. On the other hand, Matida et al. [7] used the
eddy interaction model to particle deposition and concluded that
the kinetic velocity of the flow turbulent plays a significant role in
the particle deposition. Heyder [8] concluded that in the human
respiratory system, due to the inlet air forces applied to inhaled
particles, their path differs from that of airflow lines. The most im-
portant mechanical forces applied to them include gravity, inertia,
and impact transfer from molecular collisions. Therefore, the par-
ticles move from the flow lines and deposit on the surfaces of the
respiratory tract. Zhang and Kleinstreuer [9] analyzed the transfer
and deposition of nanoparticles in a steady flow in a model of
the upper human airway. Like Heyder [8], they concluded that the
regional deposition of nanoparticles in the 0.001-0.15 pum range
could depend on the flow rate of inhalation, particle size, and
geometric length scale. Mahesh et al. [10] developed a numerical
algorithm to perform large eddy simulation (LES) in extraordinarily
complex geometries such as the respiratory system geometry. This
algorithm has been developed for unstructured hybrid grids, which
is more suitable in high Reynolds numbers and highly skewed
grids simulation. This algorithm is very efficient for a fine mesh
with high Reynolds numbers. Zhou and Cheng [11] also found that
deposition efficiency and Stokes number subordination, similar
to Lipmann’s research [5], depending on the other parameters,
including the angle of intersection and the diameter of the tract.
Also, the deposition of particles in the trachea depends on the
type of flow in this area, which is turbulent due to the laryngeal
jet. Jin et al. [12] simulated the deposition of inhaled particles in
the human upper respiratory tract by the LES method. They then
modeled a steady flow with three types of flow rates of 30, 60, and
90 L/min. The results showed that the growth of the diameter and
density of particles and the intensity of respiration increased the
deposition of particles in the upper human respiratory tract. Farkas
et al. [13] investigated the local deposition patterns of therapeutic
aerosols in the pharyngeal airways, healthy and diseased bronchi,
and alveoli using computational fluid dynamics (CFD) and particle
dynamics techniques. Their findings revealed that nanoparticle
deposition patterns were more uniform than micro-particles in
the entire respiratory tract at all flow rates. They also observed
that the deposition of nanoparticles in the airway decreases with
flow velocity increasing. However, in the case of micro-particles,
deposition increases at high flow velocities. Xi and Longest
[14] investigated the transport and deposition of micro aerosols in
real models of the respiratory system with real dimensions and
measures achieved from CT scans of a healthy adult. Eventually,
they concluded that the low Reynolds number k-omega turbulent
model was suitable for simulating particles with a diameter of
1 to 31 um simplified geometry of the respiratory system. They
also found that real geometries provided the best predictions of
regional deposition compared to experimental data as a function
of particle diameter. Shi et al. [15] studied the inertial particles in
the diameter range of 1 to 50 um, considering the steady laminar
flow rate of 7.5 and 20 L/min, and concluded that the most depo-
sition occurs in the anterior part of the nasal cavity. However, total
deposition in the inferior meatus and olfactory areas is tiny due to
the complex geometric structures of the nasal cavity. The results of
the simulation of Li et al. [16], like other researchers [7, 9] in the
upper human airway, demonstrate that the specific inlet velocities
affect the particle deposition. They also found that kinematic
upstream effects are significant for particle deposition, although
they have less effect on the flow field. Due to the structures of
the tracheal ring, the highest deposition occurs at a higher flow
rate. The results of Lin et al. [17] as other studies Showed that
a turbulent jet flow in the larynx occurs, while the intensity of
turbulence in other airways is weak. Also, turbulence caused by
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the laryngeal jet can significantly affect the airway flow pattern as
well as the shear stress of the tracheal wall. Jayaraju et al. [18] set
the inhalation rate at 15, 30, and 60 L/min with a particle diameter
between 2 and 20 pum. Their results revealed that more massive
particles at lower flow rates cause more deposition than sediments
at higher flow rates. Oral inhalation (15, 30, and 60 L/min) along
with the deposition of aerosols with a diameter of 1-30 um
calculated by CFD using the K-epsilon turbulent model by Ma and
Lutchen [19] similar to Jayaraju et al. method [18]. They found
that more deposition was obtained from micrometer-sized aerosol
particles. Their study represents an essential step in predicting
subject-specific aerosol deposition throughout the lungs with the
airways’ real anatomical geometry. Mihai et al. [20] exploited two
stable strategies to model the flow, including steady Reynolds-
Averaged Navier-Stokes (RANS) and LES. Considerable differences
in static pressure distribution in the air walls between LES and
RANS data were observed in the pharynx cross-sectional area.
Furthermore, it is revealed that the most considerable difference
is in the downstream axial velocity distribution of the minimum
cross-sectional area, which is characterized by flow separation
and the large radial velocity gradient across the developed shear
layers. An analysis of Shanley et al. [21] in a steady laminar flow
illustrated that a simple uniform flow occurs in the nose with a
peak in the speed, and a peak immediately occurs in the posterior
part in the size of vorticity. The results of particle accumulation
smaller than 10 um through the Lagrangian method depicted that
the deposition increases with larger particle size and flow velocity.
In other studies conducted by Kleinstreuer and Zhang [22], the
flows of a respiratory system can include turbulent jet with sub-
stantial pressure drop, while breathing in the airways. It was also
found that micron particles were modeled in the Lagrange-Euler
framework, and nanoparticles were modeled based on the Euler-
Euler approach, preferably. Inthavong et al. [23] by numerically
modeling of the nanoparticles’ deposition in the nasal cavity and
tracheobronchial airway found an upsurge in the deposition in the
nasal cavity for nanoparticles, and in general, the deposition pat-
tern spreads more through the airways. The use of nanoparticles
creates a potential opportunity to improve drug delivery patterns
and increase drug deposition in the middle turbinate regions of
the nasal cavity where most mucosal walls are located. Huang and
Zhang [24] by numerical simulation of micro-particle’s deposition
in respiratory system’s real model during the transient breathing
cycle concluded that the deposition is highly dependent on the
rate of respiration less dependent on the turbulence of the flow.
Particles are mainly distributed in high-velocity axial regions and
follow the secondary flow. They also found that the transient
deposition fraction strongly depends on breathing flow rate and
particle diameter but is less affected by turbulence intensity. Frank
et al. [25] using the computational fluid dynamics model of the
human nose, recognized that speeds of more than 3 m/s slow
down the particle’s penetration in the respiratory system. Also, in
the presence of septal deviation, a spray of 10 micrometers may
have good penetration. Philip and Wang [26] believe that the com-
plex geometry of the airway of the human respiratory system itself
creates a continually changing hydrodynamic flow field. In this
way, airborne particles during inhalation with the small amount of
fraction deposition on the airway surfaces can penetrate different
parts of the respiratory tract, and thus a variety of beneficial or
hazardous substances can enter the body. Li et al. [27] findings
indicate that the efficacy of micro-particle deposition is much
higher than that of nanoparticles. The diameter of nanoparticles
is less critical than that of micro-particles in the deposition. Also,
the highest values of particle deposition efficiency and deposition
concentration both occur in the nasal cavity, while the highest
capture efficiency up to 99.5% occurs in the bronchus. Yousefi
et al. [28], like other researchers [11, 12, 17], found that the most
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particle deposition exists in the larynx, where the airways have
a smaller cross-sectional area. Also, as Mihai et al. [20] showed,
particle deposition patterns in airways depend on their initial inlet
position at the mouth inlet. Varghese and Gangamma [29] believe
that the presence of water droplets in the inhale can alter the size
of inhaled aerosols. Therefore, they could change the deposition
profile of inhaled airborne particles in the lungs. However, the
analytical method applied for particles with a diameter of more
than 1 um and high concentrations has a high computational er-
ror. Basu et al. [30] simulated airflow during respiration through a
steady, viscous, and laminar model and found that such a method
demonstrates a relative insensitivity to input disturbances. During
their research, they concluded that the posterior airflow transport
and trend of the particles deposition should not be affected by the
nozzle subtraction and the vestibular dilation. Islam et al. [31] in
the studies of sediment patterns showed that most aerosol parti-
cles are placed on the tracheal wall instead of the carina angle. At
low flow velocity, particle density is mostly in the middle of the
trachea. At higher flow velocity, particle density increases at the
top region and in the path change region. Like other studies [12,
14, 18, 27], they concluded that particle diameter and fluid flow
velocity affect the deposition pattern. Using the CFD simulation,
they found that the effects of turbulence on deposition were more
effective for larger diameter particles and less effective for smaller
diameter particles. Using the CT-based model, they found that a
significant amount of particle deposition settles on the tracheal
wall, whereas in the simulation, it was observed that more parti-
cles precipitate at the carnival angle in the unreal model [32]. In
general, it can be understood from the above researches that there
is a great deal of difference in the findings due to the complex
geometry of the respiratory system and the computational method
used for particle deposition.

There is no investigation of viral effects performed about
droplets smaller than 10 um diameter, but even in vitro studies
have not been performed to determine these droplets’ exact de-
position location in the upper human respiratory system. As men-
tioned in the literature review, avoiding the real model in the res-
piratory system can immensely affect particle deposition. Real ge-
ometry is fundamental in modeling, and computational methods
based on actual body performance can affect the results. Unlike
previous research, which examined the motion of particles by CFD,
in this study, the FSI model is used because the body’s physiologi-
cal conditions behave as FSI manner.

2. Methods
2.1. Computational Model

The model used in this study is related to a 30-year-old healthy
man who has been reviewed and approved in the past research in
terms of CFD [33] and FSI [34], and has a very high level of reliabil-
ity. In this model, the three-dimensional (3-D) model of the upper
airway is extracted using CT technology. Then, three-dimensional
geometry is constructed, including the nostril entrance to the ca-
rina (nasal cavity, pharynx, larynx, and trachea). It is very carefully
segmented and meshed to create a computational grid, considering
the appropriate boundary layer. After examining the grid’s inde-
pendence, this model has been made with an approximate number
of 2.6 million computational nodes for mesh production. This com-
putational grid has excellent quality, which could accurately pre-
dict the behavior of thyroid cartilage failure and brain damage in
respiratory reflexes.

Details of reconstruction of geometry and meshing of this
model have been presented in Mortazavy et al. study [33], and it
is not mentioned here again. Fig. 1 shows the meshed geometry
of the computational model. In this figure, the nasal cavity was di-
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vided into three parts: superior, middle and inferior turbinate. The
volume of each area increases from top to bottom so that the su-
perior turbinate has the most, and the inferior turbinate has the
least volume. These areas have particular importance, so that they
play an essential role in heat transfer, increase moisture, and filter
inhalation air. What makes this division salient is that these ar-
eas are full of blood vessels which their vastness has changed with
slight changes in temperature, humidity, physical activity, body po-
sition, and hormonal changes.

2.2. Governing Equations

Air was considered as a viscous and incompressible fluid. The
governing equations for the quasi-steady turbulent flow based on
Shanley et al. [21] in the human respiratory system are the Navier-
Stokes and continuity equations. These equations include:

wu;

ax " (1)
U  19p 3 (au  oU\ ——]
Ul axi —paxl+8xl|:v<ax]+ BXi) UlU]i|+G' (2)

In these equations, the parameters U, p, P, v, andG; for air-
fluid represent speed, density, pressure, kinematic viscosity, and
gravity term, respectively. Also, i and j represent Cartesian coordi-
nates. Based on Kleinstreuer and Zhang [22], the E-L method was
selected as the best method to investigate the micro-droplet par-
ticle movement along with fluid. The equation of motion for the
micro-droplet is as follows:

duf 1814
i P :

E_<ppdzcc>(ul u1)+g1+FX (3)
Also, , pP,d, g, andFy are viscosity, particle density, particle

diameter, gravity term, and Brownian Force, respectively. Further-

more, in this equation, % = uf. Also, C. is the Cunningham cor-

rection factor, which is equal to:

2A
C=1+ 7(1.257+0.4e-%> (4)
In this equation, A is the average molecular distance for air and
was assumed to be 0.065 pm. The Stokes number was used to cal-
culate the ratio of the droplet’s characteristic time per the charac-
teristic time scale of the flow, which is defined as follows.
Tu
StP= —1 5
0 (5)
In which 7 is the characteristic time, uy is the velocity of the
fluid, and d. is the tract’s hydraulic diameter through which the
fluid passes. By putting the value of residence time, the following
equation is obtained:

pPd*u;

P_
St = 18ud,

(6)

The walls of the airway were considered as an elastic wall. It
was also assumed that the droplets were absorbed in the first en-
counter with the wall. More details on the governing equations of
FSI mentioned in the Mortazavy et al. study [34], are not repeated
here for the sake of brevity. In the present model, based on Shan-
ley et al. [21], the fixed boundary conditions, mouth and end of
the trachea (carina zone) are where the flow rate enters and ex-
its, respectively. In the numerical model, the flow rate entrance is
from the mouth, and the wall boundary condition is applied to the
nostril’s entrance.
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through the mouth with the closed nose with an input flow rate of 30 L / min in the cheng study [37]. (II) Water droplet deposition in the oral inhalation at the inlet flow

rate of 18 L / min in the heydar study [8].

2.3. Numerical solution and method verification

The geometry was entered into the fluent 6.3 software (AN-
SYS, USA). Fluent software converts and solves the governing equa-
tions into algebraic equations by the finite volume method. In this
study, the second-order upwind scheme was used to the momen-
tum equation discretization, and the SIMPLE algorithm was used
to couple the pressure and velocity equations. The k-epsilon tur-
bulence model is a subcategory of the RANS group, which has
been shown to have viable results in the use of DPM in the
study of deposition mapping in the human respiratory system
[19]. That is why this method was used in this study, and the
reliability of this method was confirmed, according to Fig. 2. In
the simulation process, air entered the model at 25 °C from the
mouth, and as shown below, three amount of density consid-
ered for droplets entering the model. Then, the deposition effi-
ciency was assessed in each state. p; = 998kg/m> for pure wa-

ter density, p; = 1119kg/m3 equivalent to 50% water + 50% virus
(average density), and p; = 1240kg/m® was assumed for net
virus droplet, given that the COVID-19 virus belongs to the Be-
tacoronavirus family, and the density of the Betacoronaviruses is
approximately p = 1240kg/m3 [35]. Also, the range of droplet di-
ameter changes in normal conversation was considered from 1
to 10 pum. For the respiratory wall, the expansion of the Young's
modulus and Poisson’s ratio were considered in the range of
0.51kpa<E<100.64kpa and 9 = 0.3 — 0.45, respectively [36].

In order to validate the present study, the results obtained by
Cheng [37] in the field of high-density solid aerosol (Fig. 2(I)),
and the findings from heydar study [8] regarding particle depo-
sition with water density (Fig. 2(II)) were used. As can be seen
in Fig. 2, the results show a similar trend. Of course, according
to Fig. 2(I) due to the similarity between the type of boundary
conditions and the airflow with the droplet type, a better match
has been obtained. The reason for the incomplete overlap in the
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results can be described in the difference between the analyzed
geometries.

3. Results

In this study, flow inlet from the mouth with the closed nose,
fluid flow, droplet parameters, and wall deformation analysis was
investigated. Three flow rates of 6, 15, and 30 L/min were entered
into the model along with the droplet diameter change, and based
on this, the upper respiratory system’s performance was evalu-
ated from different aspects. Meanwhile, the flow rate of 6, and the
5 um droplet diameter are the basis for comparisons. It should
be noted that during normal breathing, a man in a state of rest
breathes about 500cm3 of air per inhalation, which is the same
as the tidal volume at rest [38]. This number is precisely concor-
dant with the model presented in this study after spirometry test-
ing during patient health in the database [34]. Therefore, the inlet
flow rate in the model was considered 6L/ min in rest mode.
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3.1. Simulated airflow with droplet transport and deposition

Whereas, if the inhalation is done just through the mouth,
based on Fig. 3, the highest droplet deposition in the different den-
sity changes occurs in the oral, oropharynx, and trachea, respec-
tively. The deposition efficiency is smaller than 6%, which in the
mouth is at least more than three times greater than the trachea.

According to Fig. 4, the most residence time occurred in the
nasal cavity, so that it has the highest value in the superior
turbinate during the mouth inhalation, with the difference in the
number of droplets entering to this upper area of the nasal cav-
ity. After this area, we should mention the amount of residence
time in the trachea region, which is relatively significant. The most
interesting issue is that residence time in oral and oropharynx is
almost zero. Also, in general, it can be assumed that the amount
of residence time is minimal, except in the nasal cavity.

According to Fig. 5, the highest droplet deposition in oral in-
halation occurs in the oral and oropharynx, while the lowest in the
larynx, and trachea, respectively. The amount of deposition in the
mouth is significant and is often several times that of other respi-

Y

Fig. 4. Droplet residence contour with average density at 5um diameter, and 6 L/min. (I) Droplet residence time tracking in the coronal plane. (II) Droplet residence time

tracking in the sagittal plane.
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ratory areas. For small Stokes numbers (St << 1), the droplet resi-
dence time is short and is almost equal to the fluid response time.
Therefore, droplets almost follow the same as the airflow field.

Deposition efficiency changes based on droplet diameter at dif-
ferent flow rates for average density are shown in Fig. 6. As can
be seen, the amount of deposition increases with diameter or flow
rate elevation. At a flow rate of 6L/ min, the total deposition effi-
ciency in the range of droplet diameter changes from 1 to 10 um
is smaller than 20%, and the incremental slope of the curve is very
slow. However, at the flow rates between 15 and 30 L/min, the
deposition efficiency substantially increases with droplet diameter
growth. This way, deposition efficiency is about 100% in 30 L/min
flow rate and 10 um diameter; in other words, no droplet enters
the lungs.

Meanwhile, it is crucial to study the droplet mass concentration
contours, as shown in Fig. 7, for accurate observation of droplet
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gathering regions. As can be seen from this figure, in mouth in-
halation with a closed nose, the nasal cavity is filled with a min-
imal droplet concentration at the beginning of the flow. This low
concentration can also cause deposition due to high residence time
in the olfactory area and maxillary sinus (see Fig. 4).

3.2. Simulated solid domain deformation

Additionally, as can be seen from the presented deformation
contour in Fig. 8, it is clear that the deformation in the mouth and
nasal cavity is minimal, and the most deformation can be seen at
the end of the trachea, near the carina. The maximum deformation
rate at 15 and 30 L/min flow rates is 6, and 19 times greater than
the 6 L / min flow rate. With a marginal increase in flow rate, the
deformation rate would be several times greater.

4. Discussion

In order to get a more accurate answer, in a real model with
the DPM method and with the FSI boundary condition in the wall
at the time of inhalation, the droplets were injected into the res-
piratory system from the entrance of the mouth. Finally, a reli-
able model was developed, which, despite its complexity, has very
reliable output responses and is consistent with the physiologi-
cal behavior of the human body. Undoubtedly, tracking the viral
droplet effects on the respiratory tract can help understand how
to cope with and treat the disease. When an infected person ex-
hales, many viral micro-droplets are produced, which can be sus-
pended in the air and even move longer distances. Therefore, those
in such an infected place inhale viral particles, and eventually, the
disease spread faster. The basic mode of comparisons for the flow
rate was considered 6 L/min; this number indicates the person’s
breathing rate in the rest position, and it is of great importance.
It is more often that People in an indoor construction find them-
selves in such a situation, in which the risk of virus transmission
through micro-droplets increases with improper ventilation. If a
person starts moderate physical activity in the enclosed construc-

I

Fig. 7. Droplet mass concentration tracking contour for average density at 5 um, and 6L / min. (I) Coronal plane tracking view, (II) Sagittal plane tracking view.
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Fig. 8. Deformation contour at average density for different flow rates at 5um droplet diameter.

Table 1
The Summary of the droplet deposition efficiency percentage with flow rate and droplet diameter changes in different areas of the upper respiratory system.
Condition Percent of droplet deposition efficiency in each zone Total
Capacity Size Vestibule  Superior Middle Inferior = Nasopharynx  Oral Oropharynx Larynx Trachea  Deposited  Escaped
6 L/min 1pm 0 0 0 0 0 4.23 1.64 0 0.70 6.57 93.43
5pm 0 0.23 0.42 0.52 0 6.10 3.05 0 0.93 11.26 88.74
10pm 0 0.17 0.33 0.67 0 6.34 3.30 0.47 3.29 14.56 85.44
15 L/min 1pm 0 0 0.21 0.25 0 8.45 3.52 0.47 0.93 13.84 86.16
5pm 0 0 0.23 0.47 0 13.15 4.46 0.23 1.88 20.42 79.58
10pm 0 0 0 0 0 4531 3498 0 0.94 81.23 18.77
30 L/min 1pm 0 0 0 0 0 1197 4.69 0.23 0.23 17.12 82.88
5pm 0 0 0 0 0 33.10  11.27 0.47 2.58 47.42 52.58
10pm 0 0 0 0 0 97.18 1.64 0 0.23 99.05 0.95

tion, depending on the activity level, the flow rate results will be
more practical at15 L/min and 30 L/min.

Some of the present study’s limitations are presented as air in-
haled through the mouth (closed nose) as well as constant number
of injected droplets. The most deposition occurs in the mouth. The
highest residence time occurs in the superior turbinate, which oc-
curs with a low concentration. Also, according to Fig. 5, the larger
Stokes number leads to higher deposition efficiency. This study’s
other achievements include increasing of the deposition efficiency
by the droplet diameter and flow rate rise. Table 1 summarizes
the deposition efficiency in the upper respiratory tract. So that the
last two columns of this table present the percentage of total de-
position and the percentage of output from the carina ring, and
reached two lungs bronchi.

Droplet deposition pattern contour is presented at the 1,5,10
pum droplet diameters in the 30 L/min flow rate in Fig. 9, in
which for better illustration, only droplet deposition areas were
demonstrated. The droplet deposition increased in the oral cav-
ity by droplet diameter growth, and therefore the less viral droplet
reached the lungs. Only those droplets that reached the lungs, fea-
sibly infect the person. This virus’s receptor exists in the lungs
across the inhalation path from mouth to the lungs [39]. Hence,
the only way for the virus to transmit to the body in the 30 L/min
airflow is through the lungs with a microdroplet smaller than 10

pm. When a person inhales through the mouth with the closed
nose, not only the droplet deposition in the nasal area is almost
zero, but other amounts of depositions in the mouth and throat
can vanish with the mouthwash’s help. Luise et al. [40] used eight
types of mouthwash in pharmacies with different ingredients. In
a laboratory, they combined these mouthwashes with the SARS-
Cov-2 for 30 seconds by simulating the real oral environment and
found that after 30 seconds, almost all coronaviruses disappeared.

Fig. 10, based on the last column of Table 1, shows a better view
of the possibility of lung contamination. In all flowrates, if the size
of the droplet is 1 wm, the probability of lung contamination will
be more than 80%. By increasing the flow rate and droplet diam-
eter, the process of lung contamination decreases so that for 10
pum droplet and 30 L/min airflow, the lung contamination is less
than 1%. As, this virus’s receptors are also active in the nasal cavity
[39], it is recommended that the respirator masks should be made
in such a way that the most air is inhaled through the mouth; so
that in closed places where there is a high risk of virus contami-
nation, the passage of air through the nose decreased. Hence, with
the help of antiseptic mouthwash/gargling, the dose of the virus in
the oral cavity and then in the upper respiratory system is signifi-
cantly reduced.

Another essential point in this FSI model is that the most defor-
mation can be seen in the carina zone, while the least droplet de-
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Fig. 9. Droplet deposition with 1, 5, and 10 um droplet diameters at 30L/min airflow. (I) Mouth inlet 1pm droplet. (II) Mouth inlet 5pm droplet. (IlI) Mouth inlet 10pm

droplet.
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Fig. 10. Viral contamination probability percentage in oral inhalation for the droplet with 1, 5, and 10 um diameters at 6, 15, and 30 L/ min airflow.

position occurs in these areas. It was confirmed by the CT [32] im-
ages that the droplet deposition at the carina angle is smaller
than the trachea wall. Whereas in contrast, the result in unreal-
istic models is vice versa. Hence, the FSI method implementation
in the analysis of droplet deposition in the upper human respira-
tory system is of great necessity to detect viral-infected areas ac-
curately. In the model presented, the available volume from the
carina to the nostril, regardless of the bronchus volume, is about
95 cm3, which is part of the anatomic dead space and is in con-
tact with the inner air surface of 329cm?. This volume of the
air is returned to the lungs after an exhalation during the next
inhale. Therefore, if the anatomical dead space is contaminated
with the virus, the droplet deposition residence time will increase
significantly.

5. Conclusion

Utilization of a realistic model with accurate and precise com-
putational analysis can end speculation about the deposition zone,
accumulation, and the effects of the COVID-19 virus on the up-
per respiratory tract. On the other hand, recognizing the virus-
containing droplet location can ease understanding the areas
where the virus can first infect in the upper respiratory tract.

The previous studies on particle deposition in the human res-
piratory system suggested that each study’s results depend on the
particles’ biomechanical nature and the chosen realistic computa-
tional method. In this study, droplets containing the virus were ex-
amined using the FSI method in a real human respiration geome-
try. We believe that to reach the exact answer, the model’s geom-
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etry must be authentic, and the FSI condition must be applied for
the human model.

Although oral inhalation also causes contamination in the olfac-
tory area, however, the virus concentration is deficient. Of course,
this low concentration is trapped there due to the upper area’s ge-
ometric structure, and because of the high residence time in this
area, a percentage of it is absorbed, which is very small.
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